Evans blue; pulmonary vascular volume EACH year, approximately 150,000 people are affected by acute respiratory distress syndrome (ARDS), with a 50% mortality rate, even with supportive therapy (31) . There are many initial causes for ARDS, but eventually endothelial damage occurs, causing increased protein flux and fluid filtration. Transvascular fluid filtration is proportional to total lung mass and to the combined hydrostatic and osmotic pressure difference across the microvascular barrier. The constant of proportionality is defined as the filtration coefficient (K fc ) and is a measure of the porosity of the barrier. Two phenomena are generally responsible for an abnormally high filtration rate: an increase in the effective pressure difference across the barrier and an increase in K fc . Lung injury is normally associated with an increase in K fc . The measurement of K fc would be of clinical significance in the treatment of ARDS. Until recently, the only technique available for measuring K fc was in isolated lung preparations. K fc can be estimated in animal preparations in which lung lymph is available, but this measurement is influenced by the unknown fraction of lung lymph collected. Obviously, neither of these methods can be extended to humans, since both are highly invasive.
Until recently, the ''gold standard'' for measurement of K fc was the gravimetric method performed on an isolated lung preparation. The method entails an isolated lung that is suspended from a weight transducer and perfused with homologous blood using an extracorporeal circuit. When the preparation reaches an isogravimetric state, the pulmonary venous pressure is increased in a steplike fashion. The rapid initial weight gain during the first 1-3 min is generally attributed to vascular filling, whereas fluid filtration is attributed to the slower weight gain that follows (3, 7) . The K fc can be computed using the constant slope or extrapolation method. Harris et al. (11) showed that the extrapolation method was less accurate than the constant slope method; thus the data in this study were analyzed using the constant slope method. This method assumes the slope of the slower rate of weight gain to be linear with respect to time and to be the rate of fluid filtration. K fc can be calculated by dividing this slope by the microvascular pressure increase and the dry lung weight (7) .
Both gravimetric calculations assume that vascular blood volume (BV) increases for only 1-3 min after the venous pressure is increased, but Harris et al. (11) showed with the use of 51 Cr-labeled red blood cells (RBC) that vascular volumes can increase for up to 30 min after a pressure elevation. Maron and Lane (21) , with the use of indicator-dilution methods, also showed that BV can continue to increase for Ͼ1-3 min after a venous pressure increase. They found, however, that if the isolated lung was perfused for an extended period of time before a pressure elevation, the BV may not increase after the first 1-3 min, even though two of six animals showed some increase. Thus the gravimetric technique can be adversely affected by slow changes in vascular BV and, in any event, cannot be used in vivo.
A method for estimating K fc in intact animals is the measurement of pulmonary pressures and lung lymph flow. This technique is generally used with sheep, because the caudal mediastinal lymph node drains a large percentage of the pulmonary interstitium. K fc can be calculated by dividing the ''total'' lung lymph flow by an estimated transvascular pressure difference. Complications with this method include the fact that the capillary and interstitial pressures cannot be measured directly and the percentage of total lung lymph col-lected from a single node is unknown and can vary when pressures are changed (4) . In addition, lung lymph cannulation cannot be extended to human K fc measurement.
Oppenheimer et al. (22) introduced an optical technique for measurement of K fc . The technique depends on measuring a change in optical tracer concentration in lung venous blood that occurs after a step change in pressure. The concentration of the optical tracer increases after a pressure elevation, because water flows across the pulmonary capillary barrier more readily than proteins or other large solutes. Thus, by determining the tracer concentration change for a given pressure step, the K fc can be calculated. The main disadvantage of this technique is that RBC strongly absorb and scatter light at the wavelengths used to measure concentration changes of the optical tracers. Thus small hematocrit changes, caused by the FahraeusLindqvist (26) effect or respiration (20) , greatly complicate optical measurements in whole blood. Because of these problems, it was necessary for Oppenheimer's group to use multiple lasers with different wavelengths to penetrate the blood and correct for simultaneous changes in hematocrit and oxygen saturation (22) . Using this optical system, but observing only a single wavelength to follow the hematocrit changes after a pressure step, Hancock et al. (10) found that optically measured values of K fc were ϳ25% of those calculated using weight changes. They reasoned that this difference could be due to slow vascular volume changes that are misinterpreted as filtration when weight analysis is used.
Harris et al. (11) used a spectrophotometer to optically measure K fc values for isolated canine lungs at low flows and small hematocrits. They measured changes in the concentration of albumin labeled with indocyanine green caused by a pulmonary venous pressure increase while they simultaneously corrected for fluctuations in RBC concentrations measured at 650 nm. Lung weight changes were monitored during pressure increases, and vascular volume changes were monitored using radioactively labeled RBC. K fc values obtained via gravimetric methods were significantly larger than those obtained via the optical techniques. After correction for BV changes, however, the gravimetric K fc values were comparable to those obtained using the optical method. Unfortunately, artifacts introduced by RBC masked the small changes in plasma protein concentrations, thus restricting the measurements to low hematocrits and low flow rates.
In our preliminary work (19) it was shown that the separation of RBC from plasma allowed for optical measurements of K fc at physiological hematocrits and flow rates. On-line separation of plasma and RBC was attained by passing blood through a polysulfone filter cartridge before measuring the concentration of plasma albumin labeled with Evans blue (EBA). These concentration changes were then used to calculate K fc (19) . However, the optical K fc values were not compared with simultaneous gravimetric measurements performed on the same isolated canine lung. In this study, K fc was measured in an isolated canine lung preparation using gravimetric, blood-corrected gravimetric, and optical methods. A commercial filter cartridge was used to separate the plasma from the RBC, the filtering characteristics of which were documented previously by Klaesner et al. (18) . The values from these methods were compared to determine whether optical K fc values can be obtained at higher flow rates and physiological hematocrit levels.
A possible problem that can be associated with the gravimetric method of measuring K fc is that elevated venous pressure could alter the perfused surface area via microvascular recruitment in the canine lung. An increase in surface area during elevated hydrostatic pressures would give an inflated K fc value. We address this possibility by using a multiple indicator-dilution (MID) technique to measure the permeability-surface area product (PS) before, during, and after the K fc measurement period.
METHODS
K fc measurement theory. The basic principle employed by the optical method for calculating K fc is that when lung venous pressure is increased, the hydrostatic pressure causes fluid to cross the microvascular barrier while large solutes in the plasma become more concentrated. This small transient concentration change can then be used in an equation derived by Harris et al. (11) to calculate the product of the reflection coefficient ( f ) and
where Q pa is arterial plasma flow (ml/min), ⌬C pv is change in plasma concentration of nondiffusing tracer (mg/dl), C pv is initial plasma concentration of nondiffusing tracer (mg/dl), m dlw is blood-free dry lung weight (g), ⌬P mv is change in microvascular pressure (cmH 2 O), and f is reflection coefficient for the optical tracer. In these studies, f was assumed to be 1.0 for the optical tracer EBA. Parker et al. (1), and 0.84 for the two-pore model of Roselli et al. (27) . Thus the actual value of f is probably Ͻ1.0, which implies a slight underestimate of optical K fc estimated with f ϭ 1.0 in Eq. 1.
The capillary pressure was estimated using the formula developed by Garr et al. (7) P mv ϭ P ven ϩ R av и (P art Ϫ P ven ) ( 2 ) where P mv is capillary pressure, P ven is venous pressure, P art is arterial pressure, and R av is the ratio of postcapillary resistance to total resistance (R av ϭ 0.4) (28) . A typical group of measurement tracings used to determine the rate of weight gain (⌬W/⌬t), ⌬P mv , and ⌬C pv is shown in Fig. 1 . Figure 1C , the raw optical data, shows the initial baseline drift caused by filtration before the pressure elevation. The slope of the baseline drift immediately before the change in absorbance due to the increase in venous pressure is determined and subtracted from the raw data, resulting in the absorbance trace in Fig. 1D . The rapid absorbance change http://jap.physiology.org/ trails the pressure step by ϳ1 min because of the transfer function of the filter system (18) . Ideally, ⌬C pv would be the difference between the baseline and the first plateau after the initial rapid absorbance increase, as shown by Harris et al. (11) . Unfortunately, the transfer function of the filter tends to mask this plateau; thus ⌬C pv is determined by looking for the ''break point,'' where the initial rapid change in absorbance slows (Fig. 1D) . These values are then used in Eq. 1 to determine f K fc and in the gravimetric equation [K fc ϭ (⌬W/⌬t)/⌬P mv M dlw ] to determine K fc . It is not necessary to convert the absorbance change to concentration, because ⌬C pv and C pv are in absorbance units, and since concentration is directly proportional to absorbance units, the units cancel. Ideally, the ⌬C pv for the pressure decrease could be used for calculation of f K fc , but the pressure step tends to be less ideal and the optical signal much noisier, making the calculation of K fc difficult or impossible. The typical pressure step rise time (0 to two-thirds maximum) is ϳ5 s, whereas the typical pressure fall time (maximum to one-third maximum) is ϳ15 s. The disparity between the rise and fall times of the pressure changes is due to the ability to totally interrupt the venous blood from lungs, allowing for a rapid step increase. There is no equivalent maneuver available to allow for the pressure to fall more quickly.
MID theory. The MID measurements of urea PS (PS U ) involved the injection of several radioactive tracers with different diffusing characteristics at the inlet of the lung and the collection of samples at the outlet of the lung. The vascular, or reference, tracers used in this study were 99 Tc-RBC and 125 I-albumin, and the barrier-limited diffusing marker was [ 14 C]urea. 3 HOH was the flow-limited tracer and was used to determine the extravascular water volume. Forty samples were collected downstream of the lung using a revolving collection wheel that rotated at a rate of 1 sample/s. The gamma isotope activity of each sample and injectate was measured in a Packard Auto-Gamma scintillation spectrometer (model 5921), and the beta activity was measured in a liquid scintillation counter (model LS 3150T, Beckman). The radioactive counts of the isotopes in each sample were then converted to tracer concentrations and plotted with respect to time. These tracer concentration-time profiles were then used in the equations below to calculate the PS U as described by Harris and Haselton and co-workers (12, 14) . The integral extraction (E i ) for [ 14 C]urea was computed as follows
where t peak is time of peak of reference curve, C R is concentration of reference tracer normalized to injectate concentration, and C D is concentration of diffusing tracer normalized to injectate concentration. E i was then used in the following equation to calculate the urea extraction, PS U , neglecting the backdiffusion from the extravascular space PS ϭ ϪF w log e (1 Ϫ E i ) ( 4 ) where F w is the water flow rate through lungs. Although PS U is known to be flow dependent (29), we kept flow constant in all these studies. The extravascular water volume (V W ) was computed in the following way. First, the mean transit times for the labeled water and the C R were calculated as follows
and for the extravascular water volume as
where t H 2 O is mean transit time for labeled water and t R is mean transit time for reference tracer. If flow rates were altered during the experiments, the Crone-Renken PS may have changed with flow (29) . Therefore, we calculated the product of the square root of the diffusivity (D equiv ) and surface area (D ‰ S), which is not flow dependent (28) . D ‰ S was calculated using the model proposed by Haselton et al. (14, 15) , which uses the mass balance of the tracer transport shown in Eq. 7 to account for backdiffusion from extravascular spaces
with boundary conditions
where V C is intracapillary blood volume, L e is extravascular diffusion distance, which is assumed to be large, xЈ is normalized dimension perpendicular to flow, zЈ is normalized dimension parallel to flow, C DI is tracer concentration in extravascular space, and D equiv is diffusivity described by the following equation
where D e is diffusivity of tracer in extravascular space and P is capillary permeability. L e was assumed to be large in these studies, so that only a single parameter D ‰ S is fitted by the model (15) .
Protocol. The system shown in Fig. 2 was used to make the optical and gravimetric measurements of K fc . The filter fibers (model 4007-10, Cellco, Germantown, MD) were prepared for blood contact by infusion of 5,000 U of heparin in normal saline. These filter cartridges were different from the experimental cartridges used in our previous study (19) but have been characterized by Klaesner et al. (18) and are commercially available from Cellco. The lung perfusion pump (Masterflex peristaltic pump) circulated 1,000-1,200 ml/min through the lungs, with the flow rate measured by an electromagnetic flow probe (Carolina Biological Supply). A second pump (model 7523-20, Cole Parmer) pulled 200-300 ml/min of the lung perfusate from the venous outflow through the filter cartridge. The resistor on the outflow of the filter was adjusted until an adequate filtrate flow rate that did not cause significant hemolysis or bubble formation was achieved, normally ϳ15 ml/min, with a transmembrane pressure of ϳ150 cmH 2 O. Hydraulic capacitors, constructed from partially air-filled disposable syringes, were used to dampen oscillations caused by the pumps. The RBC and filtrate were returned to the main reservoir. The perfusate temperature was maintained between 37 and 39°C by pumping warm water through the jacketed beaker used as the main reservoir.
The experimental protocol for the canine preparation was outlined by Harris et al. (11) . Briefly, a large (Ͼ50-pound) mongrel dog, screened for microfilaria, was anesthetized with pentobarbital sodium (30 mg/kg) and maintained with halothane. A catheter was inserted into the femoral artery through which heparin was injected (600 U/kg) and allowed to circulate for 15 min to prevent clotting. The dog was then exsanguinated, and the blood was saved for the study. A thoracotomy was performed through the fifth intercostal space, the main pulmonary artery was ligated, and the heart and lungs were removed. The lower portion of the heart was removed to allow the left atrium and the main pulmonary artery to be cannulated. The lungs were then connected to the ventilation-perfusion system shown in Fig. 1 , with care to ensure that air is not allowed into the vessels, and placed into the humidified chamber. The lungs were ventilated with 95% O 2 -5% CO 2 that was kept at a constant pressure of 2 cmH 2 O by adjustment of the resistance of the air outflow. The lungs were held in zone 3 by setting venous pressure Ͼ3 cmH 2 O relative to the top of the lung. NaI detectors were positioned over the suspended lung and the perfusate to monitor radioactivity. Baseline radioactivity was monitored for 5 min at a rate of 2 samples/min before Average values are means Ϯ SE. PS u , urea permeability Ϫ surface area product; P mv , microvascular pressure; P alv , alveolar pressure. addition of any isotopes to the perfusate to obtain baseline radioactivity. RBC were radiolabeled with 20-30 µCi of 51 Cr and injected into the reservoir. The labeled RBC were distributed throughout the lung by raising and lowering venous pressure several times. The increase in radioactivity due to the 51 Cr-RBC was converted to pulmonary blood weight increase and subtracted from the rate of lung weight gain to correct the gravimetrically calculated K fc (11) . EBA was prepared by centrifuging enough blood (normally 100-120 ml) to obtain 65 ml of plasma and adding 13 mg of Evans blue to the resultant supernatant. This was mixed on a rocker for ϳ10 min to enable the Evans blue to form a tight covalent bond with the albumin (19) . About 20 ml of plasma and 5 ml of EBA were set aside to make calibration standards. Once the lung perfusion and filtrate sampling systems were operating properly, the remaining 60 ml of EBA were added to the reservoir. This provided a step increase that approached a baseline plasma absorbance of ϳ0.2 absorbance unit.
Once the optical signal was stable, the lungs were subjected to several pressure elevations. An experimental run consisted of elevating lung venous pressure by 8-15 cmH 2 O for 10-12 min, then lowering venous pressure back to the original value. The pressure was elevated by clamping both tubes at the resistor ''Y'' (Fig. 1) , with the clamp on the resistor arm released when the pressure reached the appropriate level. The resistor was adjusted until the desired venous pressure was attained. Both tubes were initially clamped so that a more ideal pressure step was achieved. Samples from the reservoir and the filtrate were drawn before each pressure elevation. These samples were used to determine the initial concentration of EBA before each run. The optical responses were observed using the spectrophotometer (model 1706 UV/Vis monitor, Bio-Rad), and the pressure changes (model 1290A, Hewlett-Packard) were recorded at 1 Hz using a Kiethley-Metrabyte DAS-20 analog-to digital card. K fc was then calculated using Eq. 2 (11) .
The PS U of the isolated lungs was measured using the technique outlined in MID theory. The PS U was measured before, during, and after the third venous pressure increase (Fig. 3) . Thus any changes in PS U due to increases in hydrostatic pressures could be tracked.
When the experiment was completed, the lungs were weighed, homogenized, dried in a microwave oven at low power, and reweighed. Samples from the lung were counted in the Packard Auto-Gamma scintillation spectrometer to use the 51 Cr-RBC to determine the blood-free dry lung weight (BFDLW) so that the PS U values of different-sized lungs could be compared by a standardized method (2, 25) . Also a set of EBA concentration standards was prepared. Preparation involved serially diluting 5 ml of EBA stock with plasma. These standards were passed directly through the spectrophotometer, creating an absorbance-to-concentration conversion relation. The samples taken during the experiment were also passed directly through the spectrophotometer, and the absorbances of the samples were converted to concentrations of EBA. The concentrations were used in Eq. 2 to calculate the K fc for each run.
RESULTS
Eight isolated canine lung preparations were used in this study. Each lung was subjected to 5-10 venous pressure increases, with the optical, gravimetric, and RBC-corrected gravimetric K fc values measured for each run ( Table 1 ). The constant slope technique was used to calculate the K fc values for the gravimetric techniques (7). Using two-way analysis of variance with the Student-Newman-Keuls test for multiple comparisons, it was shown that the optically measured f K fc (0.268 Ϯ 0.018 ml · min Ϫ1 · cmH 2 O Ϫ1 · 100 g dry lung wt Ϫ1 ) was not statistically different from the gravimetric K fc corrected for blood volume changes (0.256 Ϯ 0.018 ml · min Ϫ1 · cmH 2 O Ϫ1 · 100 g dry lung wt Ϫ1 ). Both values, however, were statistically different from the K fc measured gravimetrically (0.420 Ϯ 0.017 ml · min Ϫ1 · cmH 2 O Ϫ1 · 100 g dry lung wt Ϫ1 ). The average pressure step was 10.24 Ϯ 0.27 cmH 2 O, and the average hematocrit of the blood was 34 Ϯ 1.5.
The compliances for all the pressure elevations were calculated by dividing the initial weight change by the pressure step and the blood-free dry weight and are shown in Table 1 . The compliance values and the compliance values normalized by the first value were plotted against the measurement run for all the studies in Fig. 4 to determine whether there were any changes in compliance with respect to time. The results in Fig. 4 suggest that vascular compliance decreased slightly during the experiment, probably because of increased fluids in the interstitium. All the K fc values and the K fc values normalized by the first measured value were plotted against experimental runs for the bloodcorrected gravimetric data in Fig. 5 and the optical data in Fig. 6 . The K fc values tend to increase with time, probably because of breakdown in the endothelial barrier. Figure 7 shows how the compliance and K fc values changed during the course of a single isolated lung study (dog FB8).
The average PS U values measured for the eight dogs are summarized in Table 2 and shown in Fig. 8 . Figure  8 shows that most of the variance in PS U values is between dogs, rather than between PS U values measured at different pressures. The average PS U measured during elevated pressures (4.97 Ϯ 2.23 ml/s) was slightly higher than the average values measured at baseline and postfiltration lung venous pressures (4.66 Ϯ 2.07 and 4.75 Ϯ 1.97 ml/s), but the difference was not statistically significant. The average PS U values normalized by BFDLW are 0.096 Ϯ 0.035, 0.1024 Ϯ 0.038, and 0.098 Ϯ 0.33 ml · s Ϫ1 ·g Ϫ1 and are listed in Table 3 . The D ‰ S values are listed in Table 4 . These values were plotted against the PS U values in Fig. 9 . Because the flow did not change between the runs, there is a linear relationship between the two measurements with an R 2 of 0.737. The K fc values for all three measurement methods are plotted against PS U /BF-DLW in Figs. 10-12 .
There appears to be a linear relationship between the K fc values and the PS U /BFDLW. Table 5 summarizes the slopes of the lines in Figs. 10-12 . Two values of K fc did not seem to group with the others, so the regression was performed on the other six values. The R 2 values improved substantially without the two outlying values. Table 6 summarizes the extravascular water content determined via MID data, as well as by postmortem methods. As expected, the extravascular water was considerably higher at the end of pressure elevations, indicating that water was forced into the interstitium or alveoli. Postmortem extravascular water content was significantly more than that found using MID techniques, because MID measures perfused extravascular water. Thus much of the water in the extravascular spaces was present in the alveolar sacs or in areas of the lung that were not perfused.
DISCUSSION
Our K fc values were compared with those obtained by other investigators using the constant slope method of analysis for the gravimetric technique and the optical technique. They tended to agree with measurements by other investigators, which are summarized in Table 7 (6-9, 16, 22, 23). The K fc found optically by Harris et al. The present studies show that the optical method of measuring K fc provides values that are very comparable to those obtained by the gravimetric method once corrected for vascular volume increases. BV weight gain accounted for ϳ36% of the gravimetric K fc . The MID studies indicate that PS U does not increase during pressure elevations, and since permeability is not expected to change, surface area appears to remain constant during a K fc measurement. Thus vascular volume increases are probably due to vascular relaxation, rather than capillary recruitment. One might expect some correlation between this vascular relaxation and compliance, but Fig. 13 shows no obvious relationship between lung compliance and the percentage of weight gain of the lung due to blood volume increases during the elevated venous pressure.
Data displayed in Figs. 10-12 suggest a correlation between K fc and PS U /BFDLW. The regression slope for the gravimetric values of K fc was greater than the regression slopes for the blood-corrected gravimetric or optical K fc . This could be expected because the average gravimetric K fc value was greater than the values found with the other two methods.
Data from dogs FB3 and FB6 seem to contradict the general finding that the optical K fc compares favorably with the blood-corrected gravimetric K fc . However, a closer look at the data from one or two experimental runs for these two studies skewed the average value obtained for the entire dog. In dog FB3, no optical data were collected for the last two experimental runs because of electronic difficulties. The average K fc measured for dog FB3 when the last two experimental runs are neglected for the gravimetric, blood-corrected gravimetric, and optical methods are 0.526, 0.424, and 0.447 ml · min Ϫ1 · cmH 2 O Ϫ1 · 100 g dry lung wt Ϫ1 , respectively. Values for dog FB6 were somewhat skewed by the first experimental run, which included a very small gravimetric value of 0.05 ml · min Ϫ1 · cmH 2 O Ϫ1 · 100 g dry lung wt Ϫ1 . If the first experimental run is neglected, the gravimetric, blood-corrected gravimetric, and optical K fc values are 0.322, 0.145, and 0.228 ml · min Ϫ1 · cmH 2 O Ϫ1 · 100 g dry lung wt Ϫ1 , respectively. These values for K fc for dogs FB3 and FB6 are more in line with the general findings that the optical and bloodcorrected gravimetric techniques give values that agree with each other and are less than those obtained using the traditional gravimetric technique.
In conclusion, we believe that the optical method for measuring K fc provides an accurate measurement of K fc in isolated canine lung preparations. A practical advantage of this method is that it is independent of lung blood volume changes and thus does not require a separate measurement of vascular volume changes. The results were very comparable to those found by gravimetric techniques after correction for BV increases. By separating RBC from plasma with polysulfone filter fibers, optical concentration measurements can be made in plasma, without the optical artifacts associated with RBC. This allows measurements to be made in blood with physiological hematocrits and normal flow rates. Also, we have shown that the measurement technique of elevating venous pressures does not alter the PS U of the lung significantly, thus showing that lung microvascular surface area does not change during a measurement when the lung is kept in zone 3. A final advantage of the optical technique is that it is not restricted to an isolated lung preparation. The method has been extended to an intact animal preparation, and preliminary experiments are encouraging (19) .
